It has been suggested that aluminium stimulates vanadium-mediated superoxide radical generation. The oxidative stress of generated superoxide radicals on antioxidant enzyme activity, oxidation of NAOH and NAOPH, membrane lipid peroxidation and osmotic fragility in human red blood cells (RBC) was investigated. RBC were incubated with varying concentrations of vanadium and aluminium ions at 37°C for 2 h. RBC incubated with vanadium ions showed significantly increased superoxide dismutase and catalase activities, and oxidized NAOH and NAOPH concentrations compared with control RBC preparations. Erythrocyte lipid peroxidation was assessed by measuring thiobarbituric acid reactivity. RBC incubated with elevated levels of vanadium showed significantly increased membrane lipid peroxidation when compared with control RBC; it increased further on addition of aluminium. A significant positive correlation was observed between the extent of vanadium induced membrane lipid peroxidation and the osmotic fragility of treated RHC.
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In the presence of vanadium, aluminium stimulates superoxide dismutase and catalase activities, NAOH and NAOPH oxidation and membrane lipid peroxidation, as well as increasing osmotic fragility of human erythrocytes. The stimulatory effect of aluminium was dependent on concentration. These results may have implications for the mechanism of toxicity of aluminium and vanadium in haemodialysis patients.
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Compounds containing vanadium exert potent toxic effects on a wide variety of biological systems.' 5 Aluminium has also been implicated in a number of clinically important pathological disorders, and several hypotheses have been advanced to account for its toxicity.v?
Recent studiesv? suggest that the reaction between aluminium and vanadium stimulates NADH oxidation through the generation of superoxide radicals (On. This effect could account for the toxicity of aluminium when associated with increased accumulation of other trace elements, such as vanadium.
In order to investigate the effects of this reaction in a biological model, the effect of aluminium and vanadium on antioxidant Correspondence: Dr M A M Abou-Seif. 254 enzymes, NAOH and NAOPH oxidation, lipid peroxidation and osmotic fragility was studied in human erythrocytes.
MATERIALS AND METHODS
Heparinized fresh blood samples were collected from adult healthy volunteers, and centrifuged at 2000 rpm for 7 min in a refrigerated centrifuge. The RBC were washed three times with cold 0·15 M NaCI solution. NAOH (Grade I) was purchased from BOH Chemical Ltd (Poole, UK). Nitroblue tetrazolium (NBT), phenazine methosulfate (PMS), sodium pyrophosphate and haemoglobin kits were purchased from Sigma Chemical Co (St Louis, Mo, USA). Ammonium metavanadate, vanadyl sulfate, phosphate salts (K zHP04 , KH 2P04 ) , aluminium chloride, hydrogen peroxide (30%) and TCA 30% were obtained from Merck Co (Darmstadt, Germany). All reagents were of analytical grade.
Osmotic fragility
The control reaction mixture contained, in 3·0 ml 100mM phosphate buffered saline (PBS, pH 7-4), 8 mM fructose-6-phosphate, RBC (I x IO h cells/rn l.) and ammonium metavanadate (30, 50, 100, 200 or 300 11M). The second tube contained the same reaction mixture to which 200,uM ammonium metavanadate and aluminium chloride (10, 30, 50, 100 or 150,uM) were added. In a third tube, 100 mM PBS (pH 7-4), RBC (I x 10 6 cells/rnl.) and vanadyl sulfate (30, 50, 100 or 200 ,uM) were added. The fourth tube contained the same reaction mixture as the third tube, but 100,uM vanadyl sulfate and aluminium chloride (10, 30, 50, 100 or 150 ,uM) were added. All tubes were incubated for 2 h at 37 "C. Osmotic fragility was determined by measuring the extent of haemolysis in hypotonic NaCI solution (0,55% NaCI).1O Measurement of lipid peroxidation Malondialdehyde (MDA), an end product of fatty acid peroxidation, reacts with thiobarbituric acid (TBA) to form a coloured complex that has maximum absorbance at 532 nm.'! The steps described above were repeated and, at the end of the incubation, the tubes were centrifuged at 3000 rpm for 10 min. The supernatants were decanted and TBA reactivity was assayed in the washed RBC according to the method of Jain et Ut. 11 Oxidative effects of vanadium mediated superoxide radical (O:n generation
The reaction mixture of the first tube contained 100 mM PBS (pH 7,4), 8 mM fructose-6-phosphate, RBC (I x 10 6 cells/rnl.) and 200,uM ammonium metavanadate in a final volume of 3·0 mL. The reaction mixture of the second tube contained 100 mM (pH 7-4), RBC (I x 10 6 cells/ mL) and 100,uM vanadyl sulfate in a final volume of 3·0 mL. Both tubes were incubated for 2 h at 3TC, then centrifuged at 2000 rpm for 5 min in a refrigerated centrifuge. The supernatant was decanted and the RBC were washed three times with PBS (pH 7,4). The following parameters were estimated in the haemolysate:
Superoxide dismutase
Superoxide dismutase (SOD) activity of the haemolysate was assayed according the method of Kakker et al., 12 which is based on the inhibition
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of nitro blue tetrazolium (NBT) reduction to formazan by the effect of superoxide radicals (O,") produced from phenazine methosulfate as a superoxide generator. SOD activity is inversely proportional to the absorbance offormazan. One unit of SOD activity was defined as the amount of enzyme that inhibits the rate ofNBT reduction by 50%. The results are expressed as percentage inhibition per g Hb.
Catalase
Catalase activity was measured by following the decomposition rate of hydrogen peroxide (H 2 0 2 ) at 240 nm according to the method of Bock et alY Its activity was calculated from 2·3 [AI]
where K is the first order rate constant, t is 30 s, A I is absorbance at zero time and A 2 is absorbance after 30 s. The results are expressed as kat/g Hb,
NADH and NADPH
Proteins in haemolysates were precipitated by 30% trichloroacetic acid (TCA) and centrifuged at 7000 rpm for 10 min. The concentrations of total NADH and NADPH were determined in the supernatant using a molar extinction coefficient of both NADH and NADPH at 340 nm of 6.22/nM/cm. The results are expressed in nmol/g Hb, NADH concentration only was estimated in the supernatant from the assay system contained 1·9 mL sodium pyrophosphate buffer (0,025 M, pH8'3), 0'5mL of 300,uM NBT, 0·5mL supernatant of haemolysate after precipitating proteins with 30% TCA, and 0·1 mL of 189,uM PMS in a total volume of 3·OmL. The purple colour of the formazan produced was recorded at 560 nm using a Spectronic 21D spectrophotometer (Milton, Roy, USA). The NADH concentrations were determined from a calibration curve and are expressed in nmol/g Hb. NADPH concentration was calculated by substracting the NADH concentration from the concentration of both NADH and NADPH.
Effect of aluminium on SOD and catalase activities, and NADH and NADPH levels mediated by vanadium ions
The reaction mixture of the first tube contained 100 mM PBS (pH 7-4), 200,uM ammonium metavanadate, 8,uM fructose-6-phosphate, RBC (I x 10 6 cells/rnl.) and aluminium chloride (10, 30, 50 or 100 JlM) in a final volume of 3·0 mL. The second tube contained 100 mM PBS (pH 7-4) 100 JlM vanadyl sulfate, RBC (1 x 10 6 cells/rnl.) and aluminium chloride (10, 30, 50 or 100 JlM) in a final volume of 3·0 mL. Both tubes were incubated at 37°C for 2 h. SOD and catalase activities, and NADH and NADPH levels were assayed in the haemolysate ofsedimented and washed RBC as previously described. Figure 1 illustrates the increase in osmotic fragility of RBC with increasing concentrations of vanadium ions. Aluminium enhances the osmotic fragility of erythrocytes in the presence of vanadium compared with the effect of vanadium ions only. Complete haemolysis was observed after l6h and 24h incubation with vanadium in the presence and in the absence of aluminium, respectively (data are not shown). Figure 2 shows TBA reactivity in erythrocytes incubated with both vanadium and aluminium ions. The average level of TBA reactivity in human RBC was significantly increased by the effect of vanadium and aluminium ions. Table I summarizes Concentration (11M) FIGURE 
RESULTS

Thiobarbituricacid (TEA) reactivity formation in untreated red blood cells (REC) (I), and in RBC treated with ammonium metavanudate (1/), ammonium metuvunadate and aluminium chloride (1/1), vanadyl sulfate (IV) or vanadyl sulfate and aluminium chloride (V).
and catalase were significantly elevated by V5+ and V4+. On the other hand, the average concentrations of NADH and NADPH were significantly decreased.
The stimulatory effect of aluminium on the mean activity values of SOD and catalase, and on oxidation ofNADH and NADPH in the presence of V5+ are shown in Table 2 . The mean activity values of these enzymes, and the concentrations of oxidized NADH and NADPH, were increased with increasing All + ion concentration in the presence of V S + . Table 3 shows a similar effect with increasing Al H in the presence of V 4 + . The results shown in Table 4 demonstrate that vanadium and/or aluminium ions have no scavenging effect towards (On, and have very little inhibitory effect on formazan production at their higher concentrations.
DISCUSSION
The mechanism of the catalytic effect of aluminium on the NADH oxidation by stimulating vanadium mediated oxygen free radical generation, particularly superoxide radicals (On, has been described previously, as follows.t? 
100 /lM y4+ + AI"
200 1·36 (0'42)
1-43 (0' 54) (6) 0·0 (0'0) Previous reports'r' have described how vanadium compounds include peroxidative membrane damage in human erythrocytes. This study has demonstrated that vanadium compounds can induce peroxidation of membrane lipids and increase the osmotic fragility of human RBC by increasing (On generation. It has previously been suggested that the peroxidative effect of superoxide radicals (On on RBC lipid is lower than that of hydroxyl radicals (OH).15
However, the generated (O~-) could produce more active (OH) through hydrogen abstraction from the reaction medium, leading to membrane lipid pcroxidation and/or RBC damage.
The increased activities of SOD and catalase in erythrocytes may be attributed to the activation of the inactive forms. It has been previously suggested that the (On is able to cross the erythrocyte membrane, travelling through the anion channels and enhancing erythocyte SOD activity." The elevation of erythrocyte catalase activity may be attributed to the oxidative stress of H 202 formed by superoxide dismutation.
Concentrations of both NADH and NADPH are decreased by incubation with vanadium ions (Table I) . These results are in agreement with those of Liochev and Fridovich' and Stankiewicz et al.,4 who have reported that vanadium ions stimulate oxidation of NADPH and NADH by (O~-) generation.
Previous studies" l) have suggested that the reaction between aluminium and vanadium in vitro enhances the oxidation of NADH by generation of (O~-).
Recently," it has been reported that chronic oral administration of aluminium produces biochemical changes in rat erythrocytes. Aluminium stimulates increased generation of (0 2 -), which may play an important role in RBC damage. A significant positive correlation between vanadium and aluminium induced membrane lipid peroxidation and the increased osmotic fragility in RBC shows that the observed vanadium and aluminium induced lipid peroxidative damage can cause changes in the properties of the RBC membrane as observed in the present study (Figs I and 2;  Tables 2 and 3) .
As shown by the present results, v-: ions are more effective than V' in inducing RBC damage. This phenomenon may be attributed to reaction I (above) being relatively slower than reaction 3,17 thus V 4 + generates (0 2 -) more rapidly.
Pretreatment of RBC with selenium, as an antioxidant in the form of Na2SeO" blocked the biochemical changes, e.g. membrane lipid peroxidation, osmotic fragility, in RBC (data are not shown). This suggests a possible generation of oxygen radicals in the reaction medium.
The present in vitro work uses levels of aluminium and vanadium which are higher than those found in haemodialysis patients.P-" Further studies are needed to determine whether these effects can be reproduced in clinical models at lower aluminium and vanadium concentrations.
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In conclusion, the present findings suggest that elevated aluminium levels can induce changes in the properties of the RBC membrane, causing peroxidation of membrane lipids and increased osmotic fragility. This effect may account in part for the biological toxicity of aluminium, particularly when associated with an accumulation of vanadium, through the production of (On.
